The ionotropic serotonin receptor, 5-HT 3 , is expressed by many developing neurons within the central nervous system. Since the olfactory epithelium continues to generate new olfactory sensory neurons (OSNs) throughout life, we investigated the possibility that 5-HT 3 is expressed in the 
| I N T R O D U C T I O N
The olfactory epithelium generates new receptor neurons throughout adult life in all vertebrates including mammals. In a normal, resting adult olfactory epithelium, new neurons arise by proliferation and differentiation of a population of mitotically active globose basal cells situated near the basal lamina of the epithelium. In the adult epithelium, the globose basal cells are not homogeneously distributed throughout the epithelium, but assume a patchy distribution suggesting that neuronal addition to the epithelium is nonuniform. A second population of basal cells, the horizontal basal cells, serve as a reserve stem cell population becoming activated under conditions of extreme damage (Schwob et al., 2017) .
The newly generated neurons extend a dendrite to the surface of the epithelium and an axon to the olfactory bulb as they differentiate into mature olfactory sensory neurons (OSNs). During this process of maturation, the new-born OSNs undergo a stereotyped molecular and morphological maturation as their cell body migrates radially outward from the basal lamina to assume an intermediate position within the stratified epithelium (Rodriguez-Gil et al., 2015) . Shortly after their terminal cell division, immature OSNs express markers of a neuronal phenotype (Jang, Chen, Flis, Harris, & Schwob, 2014; Packard, Schnittke, Romano, Sinha, & Schwob, 2011) , for example, NCAM and PGP9.5, as well as growth associated protein-43 (GAP43) which is indicative of neuronal axon extension. After 4-5 days, the OSNs mature (RodriguezGil et al., 2015) , expressing specific odorant receptors (OR), shortly followed by expression of elements of the olfactory transduction cascade and the characteristic olfactory marker protein (OMP). Molecular maturation is roughly coincident with the axon reaching the olfactory bulb (Rodriguez-Gil et al., 2015) and the dendrite extending long cilia along the surface of the epithelium.
In adult mammals, a limited number of neurogenic zones persist in addition to the olfactory epithelium, chiefly in the dentate gyrus of the hippocampal formation and in the subventricular zone of the telencephalon (Lepousez, Nissant, & Lledo, 2015) . The newly generated cells of the subventricular zone migrate tangentially along the rostral migratory stream to the olfactory bulb where they integrate as subpopulations of interneurons. In the hippocampal formation, cells generated in the subgranular zone of the dentate gyrus migrate radially into the granule cell layer where they differentiate into dentate gyrus granule cells. Immature neurons in several neuronal systems, including those in the rostral migratory stream, express the 5-HT 3 receptor (Engel, Smidt, & van Hooft, 2013) . Accordingly, in these neurogenic systems, many neuroblasts and new-born neurons can be identified by expression of green fluorescent protein (GFP) under control of the 5-HT 3A promoter (Chen, Lin, You, & Liu, 2012; Inta et al., 2008; Vucurovic et al., 2010) . Here, we demonstrate the expression of 5-HT 3A mRNA in the olfactory epithelium, and using 5HT 3A GFP mice, characterize the perdurance of 5HTR3A-driven GFP after cessation of expression the 5-HT 3A mRNA. We show that 5HTR3A-driven GFP is an effective marker for immature OSNs in the main olfactory epithelium, septal organ, and to a lesser extent in the vomeronasal organ.
| MATERIALS A ND METHODS

| Animals and anesthetics
All experiments were conducted on male and female mice, aged 2-8 months, except as indicated otherwise, housed on a 14-hr light cycle with ad libitum access to standard chow. 
| Reverse transcription-Polymerase chain reaction
Adult C57bl/6J mice of both sexes, 2-4.5 months old, were euthanized by CO 2 asphyxiation followed by cervical dislocation. Tissue was excised and placed in RNA Later (Ambion, ThermoFisher Scientific, Grand Island, NY). Samples included brainstem, olfactory bulb, olfactory epithelium, nonsensory nasal epithelium, and trigeminal ganglion. Total RNA was purified using the Qiagen Micro RNeasy Kit (Qiagen, Valencia, CA) according to manufacturer's instructions, and incubated with DNase I to remove any contaminating genomic DNA. First strand cDNA syntheses were performed by reverse transcription of 1 mg of total RNA using SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA). Polymerase chain reactions (PCRs) were carried out for mouse OMP and 5HT 3A as well as for the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The presence of a robust OMP signal in samples of olfactory epithelium but not in samples of nonsensory epithelium confirmed the specificity of the tissue dissection although the presence of a faint band for OMP in the nonolfactory sample likely indicates the inclusion of small amounts of olfactory tissue, for example, from Gruneberg's ganglion. Primer sequences for each PCR are listed in Table 1. PCR amplifications for OMP, 5HT 3A and GAPDH were performed under the following conditions: 94 8C for 30 s, 58 8C for 30 s, 72 8C for 30 s for a total of 35 cycles and elongation step at 72 8C for 10 min.
GAPDH annealing temperature was 56 8C. A total of 100 ng/ml of each cDNA sample was used in the PCR amplification. The reverse transcriptase step was omitted in controls to confirm removal of all genomic DNA. Amplification products were analyzed on 2% agarose gels and visualized with GelRed (Biotium, Hayward, CA)
| Perfusion and fixation
Animals, age P10 and 2.5-8 months, were deeply anesthetized by intraperitoneal injection of 50 mg/kg Fatal Plus solution (MWI, Denver, CO) or sodium pentobarbital (Ovation Pharmaceuticals, Deerfield, IL).
Transcardial perfusion with 25 ml of 0.9% sodium chloride was followed by 25 ml of 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer. The lower jaw was removed while the forebrain, including the 
| Decalcification of heads
For examination of the entire nasal cavity, after fixation heads were placed in 0.45 M EDTA for 1 day (<60 days old) or 2 days at 4 8C.
They were then moved to 15% sucrose in phosphate buffer saline (PBS) for 1-2 days and finally placed in 30% sucrose for 1-2 days.
Front teeth were removed prior to placing the tissue in sucrose solution. The heads were then embedded in OCT (Takara), frozen on dry ice and 16 mm coronal sections were collected from nares through to the olfactory bulb. Hybridizations were performed with a 5HT 3A sense riboprobe that did not result in any labeling in the tissue.
| Immunohistochemistry
Immunohistochemistry was performed using antibodies against GFP,
phospho-histone H3, and the Nav1.5 sodium channel. Further antibody details including species, clonality, manufacturer, catalog and working dilution are listed in Table 2 . After three 10 min washes in PBS (phosphate buffered saline, pH 7.4), slides underwent antigen retrieval. For this, the slides were placed in 10 mM sodium citrate, pH 9, in 80 8C
water bath for 15 min. Following two 5 min PBS washes, slides were incubated in blocking solution (2% normal donkey serum, 1% bovine serum albumin, and 0.3% triton in PBS) for 1 hr. The GFP antibody was applied simultaneously with OMP or GAP43. Antibodies were diluted in blocking solution and placed on slides overnight at 4 8C. The next day, slides were washed three times in PBS and then incubated for 2 hr with both Alexa-488 donkey anti chicken and Alexa-568 donkey anti rabbit secondary antibodies.
For double-label preparations of NaV1.5 and OMP, we employed a hybrid detection method using tyramide for the first antiserum and indirect immunofluorescence for the second. Sections were incubated with anti-Nav1.5b antibody diluted 1:500, which was visualized with TSA A568 amplification (Invitrogen, Carlsbad, CA). Sections were then washed, and antigen retrieval was performed consisting of 10 mM sodium citrate pH 9 for 10 min at 80 8C whereupon the sections were incubated with anti-OMP (Sigma) diluted 1:1,000. Sections were then washed and reacted with secondary antiserum, Alexa-488 donkey anti rabbit IgG
(1:400; Molecular Probes, Invitrogen) for 2 hr at room temperature. 
| Proliferation markers and cell birthdating
After three 10 min washes in PBS slides were incubated in 3% H 2 O 2 in PB for 10 min at room temperature. Three more washes in 0.1 M PBS and then antigen retrieval was performed in 10 mM sodium citrate pH 6 at 95 8C for 15 min. Blocking solution (5% donkey serum, 1%
bovine serum albumin, and 0.3% triton in PBS) was applied for 2 hr.
The chicken anti GFP antibody (1:1,000) was applied simultaneously with Ki67 ( To visualize EDU labeling, we employed the Click-iT ® Edu kit Alexa 594 (Cat # C10339, Invitrogen, Carlsbad, CA). Initially slides were placed in 4% PFA in 0.1 M PB for 10 min at room temperature prior to washing three times in 0.1 M PBS for a total of 30 min. Blocking solution (5% donkey serum, 1% bovine serum albumin, and 0.3% triton in PBS) was applied for 90 min. Slides were then incubated in the provided kit components and reaction buffer for thirty minutes in the dark. Primary antibody for GFP was applied overnight 1:1,000 at 4 8C.
The next day, slides were washed three times in PBS and then incubated for 2 hr with Alexa-488 donkey anti chicken at 1:800 dilution along with a Cy5 Nissl.
| Electron microscopy
Mice 2 months of age were anesthetized and perfused with 0.1% sodium nitrite, 0.9% sodium chloride, and 100 units sodium heparin in 100 ml 0.1M PB (pH 7.3) followed by 4% PFA with 0.1% glutaraldehyde in 0.1 M PB for 10 min with all solutions warmed to 42 8C. The olfactory epithelium was removed and post-fixed in the same fixative for 4 hr before being transferred to a series of cryoprotection solutions (Eldred, Zucker, Karten, & Yazulla, 1983 ) culminating in overnight storage in 15% 
| Olfactory marker protein
This antibody was made in rabbits against the synthetic peptide corresponding to the C terminal domain of the rat OMP sequence and was purified using antigen affinity chromatography. A single band at 19 kD was detected in immunoblot assays with rat and mouse olfactory bulb tissue (per company data sheet).
| Growth associated protein 43 kD
This purified polyclonal rabbit antibody was raised against the complete sequence of the recombinant rat GAP43. According to manufacturer's datasheet, a single band at 43 kDa was detected in Western blots using mouse brain lysates.
| Ki67
Staining for Ki67 was used to identify proliferative cells. Ki67 is a nuclear cell cycle protein, which is present in G1, S, G2, and M active phases but is absent during the resting G0 phase. Specific labeling of this antibody is therefore restricted to the nucleus. This monoclonal antibody was made in rabbits against a synthetic peptide against the human C terminus of Ki67 and according to the company data sheet a single band at 359 kD is detected in Western Blots with tonsil tissue.
| Proliferating cell nuclear antigen
This monoclonal antibody recognizes the acidic non-histone auxiliary protein of DNA polymerase that is essential for DNA replication during the S phase. PCNA begins to accumulate during the G1 phase of the 2.9.9 | NaV1.5 (sodium channel 1.5)
Rabbit polyclonal antibody recognizing the peptide corresponding to residues 493-511 of rat Nav1.5 and was purified using antigen affinity chromatography. The antibody has been validated for Western Blot use and was previously utilized for immunohistochemistry on olfactory epithelium (Frenz et al., 2014) .
| Secondary antibodies
Details are listed in Table 3 . To test specificity, the secondary antibodies were applied to tissue without a primary antibody. Specific staining was not evident, confirming that the secondary signal is only present when bound to the primary antibody.
| R E S U L T S
The olfactory epithelium of adult (>8 weeks) 5-HT 3A GFP mice shows 
| 5-HT 3A mRNA
The presence of GFP label in cells of BAC-transgenic mice does not necessarily reflect expression of the corresponding mRNA. First, there may be mis-expression of the marker compared to the native mRNA.
Second, the GFP protein may persist longer than the encoding mRNA.
To assess the expression of 5-HT 3A mRNA, we undertook PCR and ISH analysis of the olfactory epithelium. 
| Birth-dating relative to GFP expression
To quantitatively estimate the perdurance of GFP, we used thymidine analog birth-dating, assuming that GFP production ceased at the time of 
| GFP labeled axons in the olfactory nerve
Sections through the olfactory bulb and posterior portions of the olfactory epithelium of 5-HT 3A GFP animals showed numerous GFP-labeled axons within olfactory nerve fascicles beneath the epithelium and continuing into the nerve layer of the olfactory bulb (Figure 8a ). In many,
but not all specimens and sections, the outer olfactory nerve layer exhibited more GFP label than inner nerve layer, which is proximal to the glomeruli (Figure 8b,c) . This observation is consistent with the notion that the outer nerve layer contains the most immature axons while the inner nerve layer has a higher percentage of mature axons (Rodriguez-Gil et al., 2015) .
| GFP labeled non-neuronal cells
While 
| DISCUSSION
Throughout adult life, as well as during postnatal development, the olfactory epithelium retains the capacity for generating new sensory neurons, which arise from one or more populations of proliferative basal cells. Some globose basal cells undergo a terminal cell division giving rise to daughter cells that differentiate into mature OSNs (Schwob et al., 2017) . The progression from globose basal cell to mature OSN follows a stereotypical process of molecular and morphological maturation (Kam et al., 2016; Schwob et al., 2017) . Within 24 hr of terminal division, the immature OSNs express highly glycoslylated forms of NCAM (Key & Akeson, 1990) , GAP43 (Jang et al., 2014) , and PGP9.5 (Packard et al., 2011) as the cells extend an apical dendrite toward the epithelial surface and an axon toward the olfactory bulb (Rodriguez-Gil et al., 2015) . After approximately 3-4 days, OR protein begins to accumulate in the dendritic knob at the surface of the epithelium (Schwarzenbacher, Fleischer, & Breer, 2005) as the axon nears the surface of the olfactory bulb (Rodriguez-Gil et al., 2015) . Over the next 24-48 hr, the OSNs mature, down-regulating GAP43 in favor of elements of the transduction and transmission cascades including OMP, adenylate cyclase 3, and NaV1.5 (current study and Rodriguez-Gil et al., 2015). We found 5HTR3A-driven GFP in both the proliferative nation is the longer-lasting GFP is due to perdurance of the protein generated by the basal cells, which is retained for only a few days and is lost as the OSNs mature. This is similar to neurogenin-driven GFP and Sox2-driven GFP in the olfactory epithelium, both of which downregulate leading to the loss of GFP expression (Krolewski, Packard, & Schwob, 2013) . In the 5-HT 3A GFP line as well as these other GFPexpressing transgenic lines, the location and number of GFP-labeled cells nevertheless serve as a useful index of the degree of proliferation and OSN generation across the epithelium.
In the 5-HT 3A GFP mice, GFP-labeled immature OSNs are not distributed uniformly throughout the epithelium. Rather, pockets of neurogenesis are interspersed within swatches of relatively quiescent epithelium, as originally described by Graziadei and co-workers (e.g. Graziadei & Graziadei, 1979) . In addition, areas of high neurogenesis lie within the ventrolateral areas of the epithelium and especially at the junctures between olfactory and respiratory epithelium. This pattern of The capacity for adult neurogenesis in the mammalian nervous system resides in the olfactory epithelium, as shown here, as well as in a limited number of other areas in the brain. The best studied are the dentate gyrus of the hippocampal formation and the subventricular zone of the telencephalon. In both of these regions, the dividing neuronal precursors as well as immature neurons express GFP in the 5-HT 3A GFP line used in the current experiments (Chen et al., 2012; Ming & Song, 2005) . Similarly, the globose basal cells and immature OSNs express 5HTR3A-driven GFP. In the telencephalon, many of the immature 5-HT 3A GFP neurons differentiate into GABAergic cortical interneurons that continue to express 5-HT3a mRNA and the functional 5-HT3 receptor as well as the 5HTR3A-driven GFP (Inta et al., 2008; Vucurovic et al., 2010) . Unlike these cortical interneurons, the immature neurons of the olfactory epithelium apparently cease expression of the 5-HT 3A mRNA although the GFP signal persists for some days in the absence of detectable 5-HT 3A mRNA. We propose that the expression of 5-HT 3A mRNA is a reliable reporter of 5-HT 3 protein and functional 5-HT 3 receptors as in other systems (Inta et al., 2008; Larson et al., 2015; Vucurovic et al., 2010) Regardless, the data reported here provide new insights into a novel molecular marker that can now be employed to isolate and study further the earliest stages of OSN maturation following basal cell division as well as regional changes in basal cell division throughout the epithelium.
